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Abstract

We have employed anomalous small angle X-ray scattering (ASAXS) and X-ray absorption in situ on an operating lithium ion
battery cell with LiMn,0, as the positive electrode material. Manganese K-edge absorption spectra and scattering patterns were
recorded at various stages of charge between 3.8 and 4.5 V. The shift of the manganese absorption K-edge was observed as a
function of the charge of the electrode. Clear changes in the microstructure of the spinel at the 4 V plateau was observed even during
the first charging cycle. © 2001 Published by Elsevier Science B.V.
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1. Introduction

The microstructure of electrodes and electrode ma-
terials is usually studied with electron microscopy
(scanning electron microscopy, transmission electron
microscopy). However, the application range of these
techniques is limited since they probe only the local
structure and generally do not permit the in situ char-
acterization of electrodes.

In the recent years small angle X-ray scattering
(SAXS) was successfully applied to study the micro-
structure of electrode materials for supercapacitors [1,2],
batteries [3], and fuel cells [4]. SAXS allows more for a
statistical global characterization of material.

We now present for the very first time results on the
in situ characterization of an operating lithium ion
battery cell with anomalous small angle X-ray scattering
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(ASAXS). We take particular advantage of synchrotron
radiation, since its tunable energy allows for anomalous
scattering and thus for an element specific character-
ization, and since its high photon flux allows to employ
in situ cells.

The cell contained LiMn,O4 spinel as a positive
electrode and was charged and partially discharged.

Contrast variation was applied with respect to the
manganese in order to study the evolution of micro-
structural changes in the electrode. A trimodal distri-
bution of manganese containing objects was found.
During electrochemical treatment, these objects grow
irreversibly by about 50%. Also, a reversible “flip” of a
superstructural Bragg reflex was observed at the point
when the cell was fully charged.

2. Experimental

LiMn,04 was obtained by mixing stoichiometric
amounts of Li,CO3; and MnO,, subsequent firing in air
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in a furnace at 1123 K for 24 h, and cooling down under
ambient atmosphere.

The spinel powder was mixed with carbon (graphite
from Timcal, and Shawinigan carbon black) and binder
(all together 5 wt%) and cast on an aluminum foil of 25
pm thickness and subsequently sintered at 423 K, re-
sulting in a electrode with thickness of about 40 um,
containing spinel to about 95 wt%.

Electrodes with a diameter of 25 mm were punched
from the foil sheet and vacuum dried for another 24 h
and then kept under argon, before used as electrodes.

One such electrode, one Celgard 3401 separator,
electrolyte (LiPF¢ dissolved in dimethyl carbonate) and
a lithium foil as a counter electrode (125 pum thick)
were assembled in an in situ cell, which was sealed
against contamination of cell interior with air and
humidity.

The in situ cell was made from two stainless steel
plates with 3 mm thickness and 12 cm diameter. Each
plate had concentric groves for BUNA O-rings to allow
for proper sealing of the electrode/electrolyte com-
partment. The 5 mm x 1.8 mm wide X-ray windows at
the center of each plate were closed with beryllium
plates of 380 pum thickness. The X-ray transmission of
the cell in operation at 6500 ¢V X-ray energy was about
50%.

The experiments were carried out at the Advanced
Photon Source in Argonne National Laboratory
(Beamline 12 ID, BESSRC CAT). The cell was assem-
bled in a helium filled glovebox, cabled to a portable
potentiostat and data acquisition system and mounted
at the ASAXS setup. As a special protective for the in
situ experiment during operation, we wrapped the cell in
a commercial household ““ziploc™ plastic bag and filled it
with helium. Even 40 h after cell assembly, the cell in-
terior was not dried out, and the lithium, spinel elec-
trode and the electrolyte did not show any changes in
color or signs of corrosion.

One half charge cycle was performed at current
densities not exceeding 50 pA/cm?, and potentials not
exceeding 5 V. The charging was interrupted when the
cell exhibited an open circuit potential of about 4.3 V,
which was reached after 1833 min. Thereafter, the cell
was discharged at 50 pA/cm? for another 500 min.
During electrochemical treatment, ASAXS patterns (0.1
s/pattern) were recorded at particular stages of charge
at 20 different energies which covered the Mn K-edge at
6545 eV and at energies in the vicinity of the absorption
edge. A CCD camera was used as a position sensitive
X-ray detector. Prior to each ASAXS pattern, a
XANES was measured in the range between 6529 and
6575 eV, with an energy resolution of 0.1 eV (7 min/
spectrum).

For the determination of the imaginary part of the
atomic form factor of manganese, f, a XANES be-
tween 6400 and 6700 eV was recorded.

3. Results and discussion

Fig. 1 shows the charge of the spinel electrode as a
function of the charging time, obtained by integration of
the current during charging and discharging. After the
electrode was charged, a maximum charge of 88.8 mA
min was verified. Since the mass of the oxide was about
9.254+1.25 mg, its average capacity was 160 4+ 21.6
mAh/g. The lower limit of this value matches the theo-
retical capacity of 148 mAh/g fairly well. After that time
span, the electrode potential showed the tendency to
increase towards values larger than 4.3 V at even low
current densities.

We therefore conclude that the electrode was pri-
marily charged and thus almost free of removable lith-
ium. Thereafter, the electrode was discharged for 190
min at a current of 200 pA.

Fig. 2 displays XANES spectra of the manganese K-
edge for three different stages of charge of the oxide
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Fig. 1. Evolution of charge as a function of charging time, as obtained
from integration of current.
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Fig. 2. XANES spectra of the sample at initial stage of charging
(solid), fully charged (dotted), and after discharging (broken). The
magnification of the absorption maximum in the inset shows the shift
of the spectra.
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electrode. While the spectra show the same overall
profile, they are shifted, however, versus the energy scale
(see the inset for magnification). Spectrum 1 (solid line)
was obtained right at beginning of charging with the
electrode being LiMn,0, and the open circuit potential
3.78 V. The manganese atoms per unit cell are present
with the formal charges Mn*" and Mn'" in equal
quantities. Spectrum 2 (dotted line) was obtained when
the cell was fully charged and most of the lithium in the
spinel was removed, with a potential of 4.3 V. The in-
tensity maximum of spectrum 2 is shifted by about 1.5
eV towards higher energy, compared to spectrum 1. At
this stage, the manganese is mostly (to about 90%)
present as Mn*". At discharging (spectrum 3, broken
line), lithium is reinserted in the oxide lattice, and con-
sequently the manganese is being reduced. Thus, spec-
trum 3 is shifted towards a slightly smaller energy than
spectrum 2. The potential was 4.05 V. The changes in
the XANES serve as a verification of the valence
changes of the manganese. These findings are in line
with the determination of the charge of the cell after
charging.

In recent years several research groups have reported
XANES spectra which show a more pronounced shift in
the edge region than our spectra do. Since they also
reported faster charging and discharging rates, we con-
clude that they had used diluted samples. Differences
between their spectra and our spectra could therefore
originate from different sample concentration.

Main part of the ASAXS data treatment is illustrated
in Fig. 3 and will be outlined briefly. The curve with
open circles (filled circles) was recorded at an energy of
6400 eV (6545 eV). The enhanced scattering of the latter
curve for larger Q-values is due to the anomalous scat-
tering of the manganese at its K-absorption edge. For
the quantitative analysis of the contrast variation we
applied the simplifying assumptions that (i) no correla-
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Fig. 3. Open circles (filled circles): ASAXS taken at 6400 eV (6545 eV).
Crosses: Difference curve after contrast variation. Dotted line: Porod
fit curve. Scattered data points: ASAXS curve after Porod subtraction.
Solid line through data points: Guinier fit.

tion between compositional and topological fluctuations
exist and (ii) the number densities of manganese clusters
and other electrode material are identical. The latter
assumption is weak since we expect no metal manganese
precipitations. After [5,6], we can therefore write for the
entire scattered intensity

Mn _ ](Q7 El) _ [(Qa EZ)
PO ey "

(f(Ex))*

Q being the scattering vector, which is related with the
scattering angle @ and the wavelength Z of the radiation
used by

0= 47“ sin ©. (2)

Note, that by this contrast variation, we also eliminate
the scattering of the in situ cell components. The atomic
form factor f of manganese

F(E) = fo +f'(E) + if"(E), (3)

was obtained using the XANES spectra and performing
a Kramers—Kronig transformation. This scattering
curve is marked in Fig. 3 with crosses and represents
only the scattering of the manganese.

35 sets of SC were analyzed over the whole range of
Li-concentration (1 > (¢ —1) > 0.1) during electro-
chemical cycling.

All scattering curves recorded obey the so-called 0—*-
decay of the intensity for small Q very well [7]. No sig-
nificant deviations from Porod’s law are observed,
which accounts for a smooth electron distribution.

Prior to further analysis of the scattering curves, the
Porod scattering and also a constant background scat-
tering were fitted to the data as follows:

IPorod(Q) =c + CZQ74~ (4)

The fit obtained is plotted as a broken line in Fig. 3 and
subsequently subtracted from the scattering curve to
which it was applied on. The data points (dots) in Fig. 3
represent the scattering curve which will be treated
further on for object size determination. The drawn
solid line in this curve is a least-square Guinier-fit, which
will be discussed in the following section.

3.1. Guinier analysis

Fig. 4 displays scattering curves of the charged, un-
charged, and partially discharged electrode. Each of
these curves shows humps which are caused by manga-
nese inhomogenities in the spinel matrix. We treat the
scattering within the Guinier approximation [8]. The Q-
position of the inflection point of these humps yields
information on the size of the objects which cause these
humps. Note that by using the anomalous scattering
technique it is the manganese which accounts for the
features now visible in the scattering curves. It must be
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Fig. 4. Scattering curves (after contrast variation and Porod correction) with bimodal Guinier fits of uncharged (filled), charged (open) and partially

discharged (crosses) samples.

kept in mind that Guinier’s approximation is based on
the assumption that the manganese in the spinel matrix
is a diluted system. Since this requirement does not hold,
a supression of the apparent size of the objects should
occur as a systematic error [8].

After Guinier [9], the structure factor of any homo-
geneous object can be approximated by an exponential
with the radius of gyration R, as the only parameter,
when it is applied to the central part of the hump. The
scattered intensity then reads

Q2R2
1(Q) = NV*Anj exp (— 3 2 (5)
with N being the number of objects, V their volume, An?
the scattering contrast and R, being the mean square
distance from the center of electron density, in analogy
to the momentum of inertia in mechanics:
r)r? dV;
fV p<ri) dV;
Another potential interpretation of the various humps
would be that they are intermediate intensity maxima of

objects with a very sharp size distribution, such as in the
case of spheres which were observed during the de-
composition of an alloy in [5]. However, we were unable
to fit an accordingly structure factor to the present ex-
perimental data. Our next observation is that the overall
scattered intensity increases during delithiation. Even at
re-lithiation the intensity increases, which, after Eq. (5),
can be caused by either a growth of number N of objects
or their volume V. Also, a change of the scattering
contrast could cause a change of the intensity, for in-
stance when the number density of Mn atoms in the
material is changed.

The two humps in the scattering curves account for
an at least bimodal distribution of objects. The radii of
gyration are in the range 7-10 A (nanoclusters) and 25—
45 A (mesoclusters). Qualitatively we observe that the
position of the humps shifts towards lower Q-values
during electrochemical treatment of the sample. This is
evidence that the objects are growing, which is in line
with the observed increasing overall intensity. These
changes are irreversible. For a quantitative analysis, a
sum of two exponentials was fitted to the experimental
data as follows:
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Fig. 5. (a), (b): Radii of gyration of manganese containing nanoclusters (mesoclusters) as a function of lithium concentration. Drawn lines are a

guide to the eye.

2 p2 2 p2
1(Q) = ar exp (—Qng) + ayexp (—%) (7)
Note that for each Guinier term a monodisperse distri-
bution was assumed, so far.

In Fig. 5, the radii of gyration, as obtained by this
least-square fitting, are plotted versus the lithium con-
centration in the sample. We find that both the nano-
and mesoclusters are growing during electrochemical
treatment. However, during initial range of charging
(0<x<0.1), the mesoclusters show a slight decreasing
trend, while the nanoclusters show a pronounced growth
in this range.

For numerous particle shapes, relations exist for the
conversion of R, into the geometrical parameters of the
bodies, provided, their shape is known. For an ellipsoid
with semi-axes a, b, and ¢, and for a prism with edge
lengths A, B, and C, following relations hold [10]:

a* 4+ b* + 3

2 _

Rg_f’ (8)
A* + B + C?

2 _

Rg_ 12 . (9)

Fig. 6 shows the SC of the uncharged and charged
samples in a Kratky-plot. We found this representation
most suitable to show intensity peaks which we assign to
Bragg reflexions, may be reflecting a superstructure [11].
These weak peaks (Q = 0.281 A , 22.359 A) remain
unchanged so far during cycling, with the exception of a
major peak (Q = 0.337 A 18.644 A) that spllt and
shifted towards lower (Q = 0. 267 A , 23.533 A) and
higher Q-values (Q = 0.302 A, 20. 805 A) right at the
stage when the cell was fully charged. This flip of reflex
was reversible, since it shifted back to its previous po-
sition right after the onset of discharging. Among 35 SC
studied, only this recorded at the moment of full charge
and in line with the XANES showing the cell fully
charged, showed the described anomaly. Since this effect

. . L1Mn204 , stage "A"
0.337 A > 18.644 A
L 0281 A'->22359A y J
I w‘“‘f*”w | J
—_ e i i
:; r"“{'f — "‘“‘M .M‘
< o Mn O, , stage "B ) I
—_— LV;A 2 4 i }‘
g / Wil
o '\‘\J)‘
* L W
2 ;
= s 0337 A" > 18.644 A
0302 A" -> 20.805 A
A 0.267 A >23.533 A
‘d,.wif‘j”"ﬂ
0.1 0.2 0.3

Q [1/A]

Fig. 6. Kratky plot of scattering curves of uncharged (stage A) and
charged (stage B) samples.

appeared in a critically narrow window of concentra-
tion, it could maybe interpreted as a phase transition.

4. Conclusions

Microstructural changes in LiMn,0, electrodes have
been reported recently by various groups [11-15], in-
cluding the formation of nanometer-sized antiphase-
domains, superstructures, phase transformations and
phase decompositions. The ASAXS data show that
microstructural changes in lithium ion battery cells can
be monitored in situ with these techniques. These
changes occur in the spinel during (de-)lithiation even
within the very first cycle at moderate currents in a safe
potential range. The data obtained by Guinier analysis
are probably not accurate, since the Guinier approxi-
mation is exact only to dilute systems, unless an inter-
ference function is taken into account. Therefore, the
apparent Guinier radii are probably suppressed and
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underestimated due to interparticle interferences. Also,
it is not falsified yet whether a sharp object size distri-
bution could cause the humps in the scattering curves.
Doubtless, however, is the trend that the particles are
growing during charging. This is confirmed by the mo-
notoneous increase of the overall scattered intensity and
scattering at zero angle, which is not plotted it in this
communication. Due to limited beamtime and a pro-
nounced careful charging of the cell, no time was left to
measure the sample at smaller O-values and thus to re-
solve larger objects. We will continue these measure-
ments and support them with additional X-ray
diffraction experiments.
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